An New Area Function for Sharp Indenter Tips in Nanoindentation  by LIU, Dong-xu & ZHANG, Tai-hua
Received date: 20030814; Revision received date: 20040312
Foundation items: Nat ional Natural S cience Foundat ion of China ( 10372103, 10172086) ; C hin ese Academy of Scien ces (KJCX2SWL2)
An New Area Function for Sharp Indenter Tips in
Nanoindentation
LIU Dongxu, ZHANG Taihua
( LNM , I nstitute of Mechanics, Chinese A cademy of Sciences, Beij ing 100080 , China)
Abstract:  A new area function is introduced and applied to a Berkovich tip in order to characterize the
contact pr ojected area between an indenter and indented mater ial. The function can be related directly to
t iprounding , thereby having obv iously physical meaning. Nanoindentation exper iments are perfo rmed
on a commercial Nano Indenter XP system. The ot her two area functions introduced by Oliver and
Pharr and by Thurn and Cook respectively are involv ed in this paper for compar ison. By comparison from
experimental r esults among different area functions, the indenter tip described by the pr oposed area func
tion here is ver y close to the exper imental indenter.
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一种标定纳米硬度计压针面积函数的新方法. 刘东旭, 张泰华. 中国航空学报(英文版) , 2004,
17( 3) : 159- 164.
摘  要:为了研究纳米硬度计压针尖端曲率半径对面积函数的影响, 提出一个基于几何方法建立
的压针面积函数。这个函数在接触面积和压针曲率半径之间建立了直接的联系,具有明显的物理
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  In the past two decades, nanoindentat ion, al
so known as depthsensing indentat ion ( DSI) , con
t inuousrecording indentation and ult ralowload in
dentat ion, has been developed as an important
technological tool for measuring the mechanical
propert ies of bulk materials, thin films and coat
ings, especially at small scales. The technique,
called depthsensing method, relies on highresolu
t ion inst rument that continuously monitor the loads
and displacements of an indenter as it is pushed into
and w ithdraw n from a material. Many mechanical
propert ies, most commonly, the hardness and elas
t ic modulus, can be derived through analy zing the
loaddisplacement curve obtained during loading
and unloading[ 1] , which is schemat ically illustrated
in Fig. 1. Convent ional microhardness by imaging
of a residual indentat ion impression to estimate the
contact area at peak load is determined. But, for
F ig. 1 A typical loaddisplacement curve
smallscale indentat ion, measuring the residual im
pression may be ex tremely diff icult, not only re
quiring the use of sophisticated imaging techniques
such as scanning elect ron microscopy, scanning
probe microscopy, or transmission elect ron mi
croscopy, but being too blurry to measure the con
tact area exact ly for indentation edges of some ma
terials
[ 2]
. How ever, if the projected contact area is
a known funct ion of the indentation depth, i . e,
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area function, no imaging is required, and the con
tact depth at peak load can be ex tracted from in
dentat ion loaddisplacement curves ( Fig. 1 ) .
Know ing the projected contact area, the hardness








2 SA c (2)
where P max is the peak load, A c is the projected
contact area, S is the unloading st if fness measured
at the max imum depth of penet rat ion hmax ,  is a
constant that depends on the indenter geometry.
T he reduced modulus is employed in order to ac
count for the fact that elastic deformat ions occur in











where E , E i and  ,  i are Young  s modulus and
Poisson s rat io of the specimen and indenter, re
spect ively[ 3] . As it is w ell know n, all indenters in
pract ice have a certain degree of t iprounding. T his
deviat ion of an experimental indenter f rom perfect
sharp is the most significant source of uncertainty
in nanoindentat ion testing results[ 4] . Indeed, deter
mining the contact area f rom the indentat ion load
and displacement is central to study the propert ies
of materials by nanoindentat ion [ 5] .
In this paper a new area funct ion for sharp in
denter t ips considered as geometry of concrete
shape is propounded. Nanoindentation experiments
conducted on several specimens are used to check
the performance of the area funct ion. The experi
mental results of the current area funct ion w ould be
compared with those determ ined from two area
funct ions proposed by others.
1  Approaches of Determining Area Function
Several approaches have been developed to cal
ibrate the indenter tip areadepth funct ion. T hese
include three kinds: imag ing techniques[ 5, 6] , itera
t ion techniques[ 1, 4] and geometry techniques[ 7] .
Except for directly measuring the residual indenta
t ion impression, alternative technique is the direct
measurement of the indenter using a scanning force
microscopy ( SFM ) , calculating the contact area
from scan points[ 4] . Because of requiring sophist i
cated imaging tools at small scales and limitation of
laboratory conditions, even at the deep indentat ion
depth, imag ing techniques are time consuming. In
addit ion, the contact area by imag ing techniques
may vary w ith dif ferent people w ho measure the di
mensions of indentat ion impressions.
And on the iterat ion technique, the method
proposed by Oliver and Pharr is a typical ex am
ple
[ 1]
making iteration procedure betw een area
funct ion and frame compliance, w hich involves the
use of several standard specimens and the evalua
t ion of unloading stiffness, and finally an eightpa
rameter area function is proposed as expressed by
A c =








where hc is the contact depth at the peak load, ! is
the effect ive included halfangle, C1C8 which are
used to describe the t iprounding are constants. Al
though the analysis technique developed by Oliver
and Pharr is very widely used for analyzing nanoin
dentat ion load displacement data, there are several
problems as follows. F irst ly, the iterat ive process
may be diff icult to achieve converg ence w ithout ac
curately know ing the f rame compliance, and the
init ial guess for the iterat ion of ten affects the deter
minat ion of the area funct ion. Secondly, to main
tain the reproducibility of the experimental results,
it is necessary to periodically calibrate the area
funct ion because of indenter t ipwearing w ith in
crease of experimental t imes. Thirdly , the area
funct ion varies w ith materials even if the same in
denter is used [ 8] . A combined iterat ion technique[ 4]
based on Oliver and Pharr method is proposed by
Herrmann and Jennet t et al , how ever, it requires
considerable experimental effort .
Geometry techniques direct ly depend on the
geometry relat ions of indenter t ip. Thurn and Cook
take the prof ile of the indenter t ip as the harmonic
average of these tw o limits: a conical t ip and a
!160!  LIU Dongxu, ZHANG Taihua CJA
© 1994-2010 China Academic Journal Electronic Publishing House. Open access under CC BY-NC-ND license. http://www.cnki.net
spherical t ip [ 6, 9] . The conical tip can be described
by
z 1 = r cot a (5)
( a) cone of included angle 2!
( b) spher e of radius R
( c) the harmonic average( a) and( b)
Fig . 2  Schematic diagrams of solids of revolution
descr ibe indenter tips:
as shown in Fig. 2( a) . Fig. 2( b) shows a spherical
indenter w ith a sphere radius R . Generally, if r 
R ,
z 2 ∀ r 22R (6)
from geometry, then the harmonic average of a
spherical t ip described by Eq ( 6) at small penetra
t ion depths and a conical tip described by Eq ( 5)












where a is the contact radius. Eq ( 7) can be re
w ritten as
hc = acot! 1+ 2R cot!
a
- 1 ∀ acot!- 2R cot2 !
(8)
T he contact area function of the indenter t ip can be
determined from Eq ( 8) at a given contact depth,
A c = a2 = ( hccot!+ 2R cot!) 2 (9)
The condit ion ( a/ (2R ) ) > cot! must be met so
that the contact hc> 0 in Eq. ( 8) is satisfied. Not
only has the area funct ion physical meaning to a
certain extent , but also can be related direct ly to
tiprounding. However, accurately measuring the
radius R whose value varies w ith t ipwearing may
require some efforts. Experimental results of this
area function will be discussed in Part 3.
2  Introducing a New Area Function
Sharp indenters are commonly used in nanoin
dentat ion, and it is often convenient to model their
behavior by that of the cone w tih a included half
ang le w hich gives the same areatodepth relat ion
ship. For the Berkovich and Vickers py ramids, the
equivalent cone halfangle is 70. 3# because of the
geometric selfsimilarity of py ramidal indenters[ 10] .
Any area function for indenters is intended to cali
brate the t iprounding. Although Eq ( 4) has a
good performance verif ied by experiments, there
are too many parameters involved w ithout def inite
ly physical meaning and required to be determined.
Eq ( 9) is got ten based on the geometry of inden
ter, w hich is not quite intuit ional. In this paper,
the indenter is taken as a more concrete geometry
shown in Fig. 3 w hich can directly describe the
profile of the indenter, and now this geometry has
been admitted by some researchers[ 1113] . T hen, the
area function for an indenter t ip can be determined
from the geometric relat ion exist ing in this geome
t ry ( Fig. 3) .
T he contact radius a is the sum of a1 and a2
( Fig. 3) . According to the relat ions of this geome
t ry ( Fig. 3) ,
a1 = R cot! (10)
a2 = tan![ h c- R (1 - sin!] (11)
Then,
a = a1+ a2 = tan![ h c- R (1 - sin!) ] + R cos!
(12)
Thus, an area function for indenter tips is gotten
from Eq ( 12) ,
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A c = a2 =  hccot!+ R 1- sin!cos!
2











  The first term of the right side of Eq ( 13a)
describes a perfect py ramidal indenter, and the sec
ond is perturbat ion describing t iprounding. As for
the third term, it prevents the pro jected contact
area from going to zero as the contact depth ap
proaches zero, w hich becomes signif icant w ith re
spect to A c only at ex tremely shallow indentat ion
w here the tip is primarily spherelike. The condi
t ion
hc > R ( 1- sin!) (14)
is necessary to assure a2> 0. For sharp indenter,




hc = hmax - ∀P max
S
(15)
where ∀ is a constant related to indenter geometry,
w ill approach zero f rom indentat ion curves under
the condition that Eq. ( 14) is sat isfied. The ratio
of the actual contact area to the perfect indenter
contact area will increase w ith the depth de
crease[ 14] . So, what is important to the third term
of Eq ( 13a) is to predict the comparat ively accu
rate contact area at small depth.
T he difference betw een Eq. ( 13a) and Eq. ( 9)
can be easily found to be that 2cot! is g reater than
B . T he f irst reason is that the condit ion of a  R
might be not met w ith the depth increase. The sec
ond is that the two kinds of geometry models are
variant, of w hich one is assumed w ith the cone sur
face to be tangent to the sphere surface ( Fig 3) ,
and the another is not . As a result, the contact
area of Eq ( 9) is alw ays larger than that of Eq.
( 13a) , w hich becomes more evident at very shal
low depth.
For the purpose of fitt ing curve, this area
funct ion can also be expressed as
Fig. 3 Schematic diagram showing the geometry







where m is a fit ted parameter related to !, and n
is a parameter related to !and R . This equat ion is
very similar to the follow ing one introduced by
Herrmann and Jennet t et al ,
A c = chc + b, (16)
with c and b as reg ression coef ficients
[ 4]
.
3  Experimental Results
In order to check the validity of the current
proposed area funct ion ( Eq ( 13a) ) for the sharp
indenter, nanoindentation experiments are per
formed by using a commercial Nano Indenter XP
system which has a displacement resolut ion of 0. 01
nm and a load resolution of 50 nN. A Berkovich in
denter is used to carry out all the indentat ion tests.
Three materials are indented: fused silica, alu
minum and copper.
At least five indentations are performed at
each load. Fig. 4 and Fig . 5 show s the hardness H
and the elast ic modulus E respect ively, w hich are
determined from three dif ferent area funct ions pre
sented above. In these legends,  O & P denotes
the results calculated from the area funct ion pro
posed by Oliver and Pharr,  T & C from the area
funct ion proposed by Thurn and Cook, and  L &
Z f rom proposed area funct ion in the paper.
  From these results, it can be found that the a
g reement of hardness and modulus obtained from
the three area funct ions is excellent at the deep in
dentat ion depth. At low er depths, the results ob
tained from the current proposed area funct ion are
nearly consistent w ith those f rom the area funct ion
of Oliver and Pharr, w hich can be explained by the
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( a) A luminum
( b) Fused silica
( c) Copper
Fig . 4  Hardness of mater ials determined fr om
diferent area functions
( a) A luminum
( b) Fused silica
( c) Copper
Fig . 5  Modulus of materials determinde from
differ ent area functions
condit ion ( 14) because hc only need to be greater
than 17 nm even if R= 100 nm. How ever, the re
sults of fused silica from current area function devi
ated from that f rom Oliver & Pharr s area funct ion
at 50- 100 nm. This w ill not compromise the va
lidity of current area funct ion because, as is so of
ten pointed out , the measurements of load and dis
placement are suscept ible to many interfering fac
tors[ 14] other than t iprounding of indenter at small
scales. Both hardness and modulus exhibit the ten
dency in w hich the contact area determined from
Eq ( 9) proposed by Thurn and Cook increases
with the decrease of the indentation depth, even
meeting the condition of a/ ( 2R ) > cot!. T his
proves the analysis in Part 2.
4  Conclusions
T hinking of the prof ile of a sharp indenter as a
concrete geometry, a physically meaningful area
funct ion is obtained. And the funct ion is compared
with the area funct ion proposed by Oliver and
Pharr which has been adopted as a standard refer
ence method in ISO14577. T he funct ion is easy to
be determined as compared w ith eightparameter
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area funct ion. On examination of the analysis of in
dentat ion experiments, it is seen that the current
proposed area funct ion describes the indenter t ip
very w ell, especially at low er indentation depths.
Certainly, the funct ion has the same problem
in determining the radius R . As to the determina
t ion of the radius, please refer Ref [ 9] and Ref.
[ 11] . How ever, once the radius is know n, it w ill
be admit ted here and w ill not change in one experi
ment or even in those of a period.
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